MWCNT-based supercapactors (SC) containing methylene blue (MB) as redox active electrolyte were studied. MWCNTs were employed as model of electrode active material due to their ideal doublelayer behavior facilitates the investigation of the energy storage mechanisms involved. MB led to a cell capacitance enhancement equal to 4.5 times the original cell capacitance of MWCNTs in sulphuric acid with a capacitance reduction of only 12 % after 6000 charge-discharge cycles. The potential evolution of each electrode during galvanostatic cycling revealed that MB redox reaction develops in both electrodes simultaneously in the voltage range of 0-0.104 V and that this is the main cause of cell capacitance enhancement. Beyond this voltage range, the faradaic contribution from the MB redox reaction decreases because the anode behaves as a capacitative electrode with a rather reduced chargecapacity due to the small surface area of MWCNTs. By means of a modified assembly composed of a Nafion membrane and MB and sulfuric acid solutions located in the cathode and anode compartments, respectively, it was demonstrated the limiting role of the capacitative electrode in the cell chargecapacity in this type of hybrid devices. 2 KEYWORDS. Methylene blue, multiwalled carbon nanotubes, faradaic reactions, redox electrolyte, supercapacitor.
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The main aim of this work is to provide further insight into the energy storage mechanisms involved in devices based on active redox electrolytes, analyzing in detail the role played by both electrodes when the Faradaic reaction of the redox molecule develops in the negative electrode. The redox system selected for this purpose was Methylene blue (MB), an organic dye with outer-sphere electron transfer reaction 17 , able to promote a great capacitance enhancement with an exceptional durability related. The study was developed using MWCNTs as model of electrode active material due to the fact that their ideal double-layer behaviour simplifies the theoretical discussion concerning energy storage mechanisms. This work complements our previous study on a hybrid device with a battery-type positive electrode 15 , offering in conjunction a broad analysis of the capacitance enhancement in this type of systems.
2.-EXPERIMENTAL

Electrolytes
All of the solutions were prepared using analytical grade reagents and used immediately after their preparation. A 0.07 M solution of methylene blue (MB), 3,9-bis(dimethylamino)phenazothionium chloride, dissolved in 1 M H 2 SO 4 (MB-H 2 SO 4 ) was employed as redox-active electrolyte. Methylene blue with a purity > 95% was supplied by Sigma-Aldrich. The supporting electrolyte, a 1 M solution of H 2 SO 4 supplied by Prolabo, was also studied for comparative purposes.
Electrode material
Multiwalled carbon nanotubes (MWCNTs), supplied by Sigma-Aldrich, were used as active electrode material. The apparent specific surface area of the carbon sample, determined by physical adsorption of N 2 at 77 K in an ASAP 2020 Micromeritics volumetric system using the BET equation, was equal to 210 m 2 g-1 and the average pore size was 2 nm.
Electrode preparation and electrochemical characterization
The electrodes were prepared in the form of pressed pellets of diameter 12 mm using a mixture of MWCNTs (90 wt%) and Teflón ® (10 wt%) as binder. Two electrode capacitors were built in Swagelok ® systems using gold discs as current collectors and glassy fiber separators.
The capacitors were electrochemically characterized by cyclic voltammetry (at 2mV s -1 ) and cyclic chronopotentiometric experiments (from 0.9 to 88.4 mA cm -2 ) performed using a VMP (Biologic) multichannel generator in an operating voltage window of 1 V. The capacitance of each device was expressed as cell capacitance, which was deduced from the discharge curve avoiding the ohmic drop:
C cell = I (dt/dV), where I is the current intensity and dV/dt is the slope of the discharge curve. The cell capacitance values were divided by the total mass of active material in both electrodes in order to express them as a specific capacitance.
The electrochemical reactions of MB were characterized by cyclic voltammetry using a threeelectrode system obtained by incorporating the Hg/Hg 2 SO 4 electrode as reference into a T-type Swagelok ® cell. The MWCNTs were used as active electrode material in both the working and auxiliary electrode. The intensity measured was referred to the total active material of the cell in order to facilitate comparison between the different devices.
The same configuration was employed to study the potential evolution of each electrode during the galvanostatic cycling (at 8.84 mA cm -2 ) of the device. This system was then modified using a Nafion membrane as separator in order to study the role of the positive electrode in the faradaic process of MB.
The capacitance of each electrode in each system was calculated from the quantitative treatment previously published 15 .
All the electrochemical experiments were carried out at ambient temperature. Fig. 1a shows the variation of cell specific capacitance values at increasing current densities for the original double-layer capacitor and for the device modified with MB. As can be clearly seen, the incorporation of MB is a very advantageous modification for enhancing cell capacitance, as it increases the original cell capacitance by 4.5 times (from 5 to 22.6 F g -1 ; from 21 to 96 F g -1 per mass of electrode). Furthermore, this enhanced performance is maintained over almost the whole range of current densities tested with no significant change in the ESR (0.5 Ω cm 2 for the EDLC and 0.75 Ω cm 2 for MB-based device) and with only a 10% loss of capacitance with current load.
3.-RESULTS AND DISCUSSION
The long-term cycling performance of the modified device was also studied since durability is considered one of the most important requirements for assessing the suitability of an energy storage device for practical applications 18 . Capacitance values proved to be highly stable during cycling, with a reduction of only 12 % after 6000 charge-discharge galvanostatic cycles recorded at a current regime of 8.84 mA cm -2 . The efficiency and ESR values also proved to be stable throughout the cycling test, with values of around 98 % and 0.8 Ω cm 2 , respectively. The small loss of capacitance during the cycling is essentially due to the characteristics of the MB redox reaction responsible for the capacitance enhancement in this system which, as it will be seen below, corresponds to a highly reversible electrochemical process within the working potential range of the device.
It is hence noteworthy the great potential of MB for enhancing the performance of a nanotubebased capacitor, as it leads to capacitance increases comparable or even greater than those achieved by treatments such as oxidation with strong acids or bases or by the incorporation of conducting polymers.
At the same time, treatment with MB gives rise to a device highly stable with the current density and much greater efficiency for long durability than devices dependent on pseudocapacitive contributions that are typically unstable with cycling 5,8,9 .
As might be expected, the electrochemical reaction of MB greatly modifies the shape of both the chronopotenciometric and voltammetric cycles (Fig. 1b, 1c) , from the typical profiles of a pure electrostatic interaction consisting of triangular galvanostatic cycles and almost rectangular voltammograms, to the appearance of plateaus of potential (Fig. 1b) and well-defined redox peaks ( These potential values are very close to those found in the literature for the MB redox reaction in similar conditions 20, 21 . In addition, the ΔE p value approaches the expected theorical value for a twoelectron reversible process, indicating that this reaction involves a fast electron transfer. According to these considerations, these peaks should be attributed to the two-electron process of MB in acidic media 20,22,23 illustrated in Scheme 1.
In order to elucidate the current control process, the scan rate was varied from 1 to 50 mV s -1 and a linear relationship between the square root of the scan rate on the anodic and cathodic peak current was found ( Fig. 2 b) , which demonstrates that the electrochemical response of MB is diffusioncontrolled under these experimental conditions. This result is in agreement with the strong tendency of adsorption of this dye, which explains why the reaction mechanism must be controlled by the transport of ions to and from or through the electrode interface 24, 25 .
The more negative peaks with E 1/2 = 0.278 V (labeled B) can be ascribed to the same MB reaction, being its lower intensity signal due to changes in the capacity of charge compensation of the auxiliary electrode within this range of potentials, which will be explained in detail below.
Finally, it should be mentioned that during cycling, the partial dissolution of the Fe catalyst residual nanoparticles of CNTs and their subsequent redox reaction give rise to the reversible electrodic signal located at E 1/2 = 0.022 V (labeled C), which appears in both the voltammograms recorded in MB and in the sulfuric acid solution with the same intensity. The presence of metal catalyst particles in purified carbon nanotube materials has been extensively reported in the literature [26] [27] [28] . These metallic particles are predominantly located at the base of the nanotubes, on its tip or encased inside them and entrapped within the graphene layers or covered by thin layers of amorphous carbon. They may exhibit electrocatalytic effects 29 and redox activity or even dissolve and show electrochemical activity in solution 30 depending on the supporting electrolyte composition, as was demonstrated by J. L. Lyon el at 31 . The electrodic process observed occurs at the potential expected for the Fe 3+ /Fe 2+ reaction in sulfuric acid 32 . Therefore, it can be stated that iron from the nanotubes increases the capacitance provided by the electric double layer though a faradaic reaction that develops in the same extent in the original EDLC and in the device modified with MB.
It is also worth noting that after the incorporation of MB the baseline current remains the same as in the supporting electrolyte over the whole range of potentials employed, making it easy to identify the potential interval in which the Faradaic contribution from the MB redox reaction occurs (from -0.350 V to -0.130 V vs. Hg/Hg 2 SO 4 ).
To obtain further insight into the role played by the MB in the energy storage process, the behaviour of both electrodes was analyzed in detail by recording their potential evolution during galvanostatic cycling at 8.84 mA cm -2 , before and after the incorporation of the redox molecule (Fig.   3a, b) . In addition, both the capacitance of each electrode and the cell capacitance were calculated in order to analyze each system quantitatively ( Table 1) . As might be expected for an EDLC, the cell voltage is evenly divided between the electrodes in the original capacitor (Figure 3a) , the capacitance of each one being exactly the same and equal to double the cell capacitance (Table 1, (Fig. 2a) , it can be assumed that both electrodes take part in the MB electrochemical process.
Thus, during the charging process both electrodes exhibit simultaneously a battery-type behaviour within the voltage range of 0-0.104 V (region I in Fig. 3b ), characterized by an almost total lack of variation in potential with time due to the fact that the main energy storage mechanism is of Faradaic kind in which the voltage (V) is practically independent of the charge (q) 19, 33 . In this operating voltage the potential interval of the cathode and anode (Table 2 ) delimits exactly the main redox peak of MB (peak A) recorded in Fig. 2a . It is important to point out that in this region the overall system behaves like a battery in which the same redox species is present in both electrodes and, therefore, the performance of the system as battery will be limited by the electrode in which the reaction develops in a lesser extension. As can be seen in Fig. 3b , the limiting electrode is the anode, since the cathode continues to exhibit a battery-type behaviour until it reaches a potential value of -0.35 V vs.
Hg/Hg 2 SO 4 .
In the working voltage range corresponding to region II (Table 2) , the MB redox reaction developed in the cathode gives rise to a second peak (labeled B) of lower intensity in the three-electrode voltammogram (Fig. 2a) . This reduction in peak intensity is caused by the lower capacity of charge Fig. 3b , and the charging of the electric double layer. Due to the differences between the energy storage processes in both electrodes, the device behaves as a hybrid system in this voltage range and, therefore, it is possible to consider that the double-layer full charge capacity of the anode is employed to compensate the charges from the cathode due to the latter's battery-type behaviour 19 .
Finally, the system behaves as an EDLC in the voltage range III (Table 1 , Fig. 3b ), where both electrodes display a mainly capacitor-type behavior characterized by a variation of the electrode potentials determined by the relationship existing between capacitance, charge and voltage (C=q/V).
From a quantitative point of view (Table 2) , the incorporation of MB significantly increases the capacitance of both electrodes, although not to the same extent due to the different degree to which the redox reaction of this molecule develops in each electrode. While the anode increases its capacitance 3.4 times after the addition of the redox molecule, the cathode multiplies its original capacitance by 6.6 due to its behaviour as a battery over almost the overall voltage range. As a consequence of the increase in capacitance in both electrodes, the net overall capacitance is also greatly enhanced, from 5 to 23 F g According to the above discussion, it can be said that the capacity of MB to enhance the capacitance of the device is directly related to the battery-type behaviour of the cathode and the capacity of the anode to compensate charges from the redox reaction. To clarify this concept, the response of the system was studied in a T-type cell modified with a Nafion membrane as separator, which allows protons to pass through it but prevents the passage of MB molecules, the cathode and the anode compartments containing solutions of MB and sulfuric acid, respectively. The absence of MB in the anode leads to the disappearance of the battery-type behaviour of the positive electrode (Fig. 3c ) and, therefore, of the overall system. In this situation charges from the MB Faradiac reaction are compensated in the positive electrode only by the charging of the electric double layer and the Fe nanoparticle redox reaction. As a consequence, the capacitance of the anode is reduced until almost its value in the original EDLC (Table 1) , while the cathode exhibits a battery-type behaviour over the overall voltage range because of the inability of the positive electrode to compensate all the charges from redox reaction. Under these conditions, the capacitance of the faradaic electrode can be considered infinite with respect to the capacitance attained by the capacitative electrode. Thus, cell capacitance is determined by anode capacitance 15 and, consequently, it is also significantly reduced ( Table 2 ). This experiment demonstrates that charge-capacity of the cell is limited by the capacitor-type electrode in hybrid devices obtained by combining a capacitative electrode and one of battery kind. Hence, it is noteworthy the key importance of the existent of an enough charge storage capacity in the limiting electrode that allows to compensate the charges from the redox reaction in order to achieve the maximum performance in this type of hybrid devices.
4.-CONCLUSIONS
The employ of redox active electrolytes is a powerful method to enhance the cell capacitance of carbonbased capacitors. By incorporating MB redox system, an increase of four and a half times the original capacitance value provided by MWCNTs in sulfuric acid was achieved (from 5 to 23 F g-1, expressed as cell capacitance) with no significant increase in the ESR. Moreover, the modified system exhibited an excellent performance at increasing current loads, with a decrease in capacitance of only 10% within the current density range studied. The modified device also fulfills the requirement of long durability necessary for an energy storage system, since after 6000 galvanostatic charge-discharge cycles a reduction of only 12 % in capacitance was observed.
The study of energy storage mechanisms involved in the MB-modified device has revealed that respectively. In system a) all ions can pass through the separator, while in system b) only protons are able to pass through the Nafion membrane. Table 1 . Cell and electrode capacitances of the three systems analyzed: the original EDLC, the system resulting from the incorporation of MB in the original capacitor (MB-modified device), and the system modified by a Nafion membrane (Nafion-modified device). 
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